Introduction {#sec1}
============

The mRNAs transcribed by the androgen receptor (*AR*) gene are markers of castrate-resistant prostate cancer (PCa) since they can reflect aberrant RNA splicing and overexpression and amplification of the *AR* gene. *AR* is the primary therapeutic target of metastatic PCa.[@bib1]^,^[@bib2] However, these tumors inevitably evade AR inhibition and progress to the lethal castrate-resistant prostate cancers (CRPCs)[@bib3]^,^[@bib4] through mechanisms including aberrant *AR* gene splicing to generate constitutively active splice variants,[@bib5], [@bib6], [@bib7], [@bib8], [@bib9] *AR* gene overexpression and amplification,[@bib10], [@bib11], [@bib12] and *AR* gain-of-function promiscuous mutations in the ligand-binding domain.[@bib13], [@bib14], [@bib15] These findings rationalize that AR mRNAs from tumor biopsies, circulating tumor cells (CTCs), and patient plasma may serve as biomarkers to monitor PCa progression and therapy effectiveness.[@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21] An ideal AR mRNA biomarker would be (1) stable, resistant to RNase digestion, and easy to be collected; (2) expressed at relatively high levels to allow detection; and (3) carrying *AR* gene mutations to monitor CRPC progression. A clinical-grade assay detecting the mRNA of the AR-v7 splice variant in CTCs is provided by a clinical laboratory improvement amendments-certified lab at Johns Hopkins University.[@bib22] Patients who receive AR pathway inhibitors (e.g., enzalutamide) are more likely resistant to these treatments if they are AR-v7 positive[@bib8] but still remain sensitive to taxane chemotherapy. However, a major limitation preventing mRNAs from becoming widely used biomarkers in clinic is that they are linear forms of RNA and sensitive to RNA exonuclease digestion. And RNA exonucleases are abundantly present in patient tumors, plasma, and urine.

The discovery of non-coding RNA has widened our understanding of gene functions. Many non-coding RNAs have been demonstrated not only to be associated with human diseases with potentials to be developed into biomarkers, but also to exert biological functions shown by *in vitro* cell assays and *in vivo* genetically engineered mouse model studies.[@bib23]^,^[@bib24] Whole-transcriptome sequencing has revealed a class of non-coding RNAs, called circular RNAs (circRNAs), that is abundantly expressed accounting up to 10% of total RNAs in human cells.[@bib25]^,^[@bib26] Two recent studies reported widespread expression of circRNAs in prostate tumors.[@bib27]^,^[@bib28] In contrast to mRNAs, circRNAs are covalently closed circRNA molecules containing exon and/or intron sequences. Mutations at the splice sites flanking the circularized exons abolished circRNA formation, indicating that circRNAs are synthesized by the same machinery of RNA spliceosome for mRNAs.[@bib29] circRNAs lack a polyadenylated tail and are less susceptible to degradation by RNA exonucleases. Their half-life in mammalian cells is 2.5 times longer than that of their linear counterparts.[@bib30] circRNAs carry genetic information such as somatic mutations gained during anti-cancer therapy. Furthermore, certain circRNAs are enriched in exosomes that can be secreted into the bloodstream from its original organs. The longer half-life of circRNAs also contributes to the 6.3-fold higher levels of circRNAs in exosomes than in cells.[@bib31] When profiling tumor phenotypes and designing suitable therapies, high stability and enrichment in exosome are important features for circRNAs to be potential biomarkers in liquid biopsy, because tissue biopsies in patients with metastatic tumors are not commonly performed. Identifying tumor-specific circRNAs from patient plasma may, therefore, lead to the development of diagnostic or prognostic biomarkers of tumors.

Whether the *AR* gene encodes circRNA in PCa cells and whether AR circRNA is detectable in patient plasma to diagnose PCa or monitor tumor progression remain undefined. Our understanding of the *AR* gene had been focused on the biology of AR proteins translated from linear mRNAs. Whether non-coding circRNAs of the *AR* gene have any biological functions warrants further investigation. We set out to determine whether AR circRNA is expressed in PCa cells, explore their potential to be a biomarker, and define possible roles in PCa cell biology.

Results {#sec2}
=======

Identification of circRNAs Encoded by the AR Gene in PCa Cells {#sec2.1}
--------------------------------------------------------------

To explore whether the *AR* gene encodes any circRNA, we designed a series of outward primers from exons 2--7 ([Figure 1](#fig1){ref-type="fig"}A), because these exons have both 5′ and 3′ canonical splice sites that can be recognized by RNA spliceosome for back splicing. We aimed at finding AR circRNAs that carry exon sequences useful for detecting *AR* somatic mutations during AR pathway inhibition therapy. AR circRNAs with intron sequences were not focused on in this study. We found three AR circRNAs that contain exons 2, 3, or 3 plus 4, respectively, in VCaP cells. All other amplicons were confirmed not from the *AR* gene by Sanger sequencing. Since the circRNA containing only exon 3 (designated as circAR3) is expressed 10- to 20-fold higher than the other two AR circRNAs as confirmed by quantitative real-time PCR and circAR3 was also reported in the recent two publications[@bib27]^,^[@bib28] where RNA-sequencing (RNA-seq) technique was applied to globally profiled circRNAs in PCa tissues, our following studies focused on validating and characterizing circAR3 in PCa.Figure 1Validation of circAR3 Expression in PCa Cells(A) Outward primers were designed to cover AR exons 2--7 and used to perform RT-PCR using each combination of primers as indicated and cDNA from VCaP cells. RT-PCR products were sub-cloned into pCR2.1 topo vector and subjected for Sanger sequencing. Arrows indicate that Sanger sequencing results confirmed the RT-PCR products containing the back-splice sites and flanking exon sequences from the AR gene. (B) Genomic DNA and cDNA from both LNCaP and VCaP cells were used as templates for RT-PCR with 3F and 3R primers. Amplicons were separated by DNA electrophoresis. (C) A diagram presents the human AR gene in chromosome X (RefSeq: NM_000044) and shows back splicing of exon 3 for circAR3. Sanger sequencing confirmed the back-splice site within the RT-PCR product shown in (B). (D) LNCaP and VCaP cells were transfected with control or siRNA targeting the back-splicing site of circAR3. Total RNA was isolated. circAR3 and AR-fl mRNA levels were measured by relative quantification of quantitative real-time PCR with GAPDH as the housekeeping gene.

We applied three methods to validate circAR3 expression in PCa cells: (1) a pair of outward primers were used to perform RT-PCR ([Figures 1](#fig1){ref-type="fig"}A and 1B). These primers should not result in amplicons derived from linear *AR* mRNA in the predicted sizes. Total RNA from LNCaP and VCaP cells was subjected to reverse transcription followed by PCR. An amplicon with a correct predicted size of 88 bp was detected by DNA agarose gel electrophoresis ([Figure 1](#fig1){ref-type="fig"}B). (2) This 88-bp amplicon was also subjected to Sanger sequencing that confirmed the back-splice site and its flanking sequences were from AR exon 3 in a closed-loop structure ([Figure 1](#fig1){ref-type="fig"}C). (3) RNA silencing was performed to target the back-splicing site of circAR3 in both LNCaP and VCaP cells, resulting in significant reduction of circAR3 but not full-length AR (AR-fl) mRNA levels ([Figure 1](#fig1){ref-type="fig"}D). Together, these results confirmed that circAR3 is expressed in VCaP and LNCaP cells.

Quantification of circAR3 Levels by Quantitative Real-Time PCR {#sec2.2}
--------------------------------------------------------------

Accurate measurement of the number of circRNAs is challenging because the routinely used relative quantification method of quantitative real-time PCR relies on the presence of mRNAs of housekeeping genes, which will be difficult when mRNA detection is not possible (e.g., mRNAs are rapidly degraded in patient plasma or urine). We chose the absolute quantification method for circAR3 measurement. However, a threshold of cycle threshold (CT) value is needed to determine the true positivity of an amplicon of circAR3. To achieve this, we first cloned the RT-PCR product from [Figure 1](#fig1){ref-type="fig"}B into the pSK vector to generate pSK-cARtemp. Copy numbers of pSK-cARtemp were calculated as follows: copy number (molecules/μL) = concentration (g/μL)/(bp size of double-stranded product × 660) × 6.022 × 10^23^. A serial of 10-fold dilution of the pSK-cARtemp vector was used as a template for RT-PCR. When the PCR products were separated by DNA gel electrophoresis, a solid DNA band was visualized when 100 copies of pSK-cARtemp were used ([Figure 2](#fig2){ref-type="fig"}A). Next, a serial dilution of the pSK-cARtemp vector was used as templates to perform quantitative real-time PCR. A standard curve was generated by the log~10~ copy numbers of pSK-cARtemp versus corresponding CT values. The linear regression of CT values (12.1--29.1) fell in between 10^2^ and 10^7^ copies of the template. CT values obtained from 0 and 10 copies of the template were similar. These results indicated that the detection threshold is ∼100 copies of the template with CT value at ∼29.1 in quantitative real-time PCR assays. Samples that have \< 100 copies of circAR3 or give a CT value \> 29.1 means that the real-time PCR signal is not reliable. These samples were deemed circAR3 negative in the following study.Figure 2Quantification of circAR3 Levels by Quantitative Real-Time PCR(A) A serial 10-fold dilution of pSK-cARtemp was used as templates to perform RT-PCR. Amplicons were separated by DNA electrophoresis. The diluted pSK-cARtemp was also used to perform quantitative real-time PCR to establish the standard curve of CT values over pSK-cARtemp copy numbers. The equation and R^2^ value were calculated and used to calculate circAR3 copy numbers. The linear range of the standard curve was highlighted. (B) Total RNA was extracted from 1 × 10^4^ cells from 10 prostate/PCa cell lines. circAR3, AR-fl, and AR-v7 copy numbers were determined by quantitative real-time PCR using absolute quantification. (C) Total RNA was extracted from the 22Rv1 cells and treated with RNase R with the ratio of 1 U RNase R/μg RNA for 0--4 h. Relative circAR3, AR-fl, and AR-v7 levels were determined by quantitative real-time PCR. (D) 22Rv1 cells were treated with 5 μM actinomycin D (ActD) RNA samples for 0--16 h. Relative circAR3, AR-fl, and AR-v7 levels were determined by quantitative real-time PCR. (E) Conditioned media from 1 × 10^6^ prostate/PCa cells were collected. Cell-free RNA was extracted to measure circAR3 copy numbers by quantitative real-time PCR. All quantitative real-time PCR assays were repeated in three independent experiments that were performed in triplicate. One-way ANOVA followed by Tukey's test was used in pairwise comparison among different groups. Data were presented as the mean ± SD. \*\*p \< 0.01 when compared with controls.

circAR3 Expression in *In Vitro* PCa Cell Models {#sec2.3}
------------------------------------------------

We showed that all AR-positive (e.g., LNCaP, LNCaP95, C4-2, 22Rv1, VCaP, and MR49F), but not AR-negative (e.g., PC3, DU145, and NCI-H660) PCa cell lines express circAR3. The results indicated that the expression of circAR3 relies on AR gene transcription. LNCaP cells have ∼200 copies/μg total RNA of circAR3 ([Figure 2](#fig2){ref-type="fig"}B). VCaP and 22Rv1 cells bearing AR gene amplification or AR gene/exon3 rearrangement have 2,000 and 1,500 copies/μg of total RNA of circAR3, respectively. MR49F cells, which are LNCaP-derived enzalutamide-resistant PCa cells,[@bib32] contain 2,700 copies/μg of total RNA of circAR3. We found that the ratio of circAR3 to AR-v7 ranges from 0.05 in LNCaP95 cells to 1.8 in C4-2 cells. These results indicated that although the positivity of circAR3 expression is correlated with AR-v7 expression, the absolute levels of circAR3 and AR-v7 are not necessarily proportional to each other. This is likely explained by the different rates of RNA splicing of circAR3 and AR-v7, even though they are processed from the same AR pre-mRNA by RNA splicing machinery.

Although less circAR3 was synthesized than AR-v7 and AR-fl mRNAs in cells, circAR3 showed higher stability in the presence of RNase R or actinomycin D (ActD) treatment ([Figures 2](#fig2){ref-type="fig"}C and 2D). Furthermore, circAR3 but not AR-v7 and AR-fl was detectable in the conditioned media of several AR-positive PCa cell models ([Figure 2](#fig2){ref-type="fig"}E). These results may be explained by that circAR3 but not AR mRNAs is secreted into culture media possibly in exosomes, or by that circAR3 has higher stability than AR mRNAs to resist RNA exonuclease digestion.

circAR3 Expression Is Regulated by AR Inhibition in PCa Cell Models {#sec2.4}
-------------------------------------------------------------------

The transcription of AR-v7 is upregulated by AR inhibition due to increased *AR* transcription rate. To study whether AR inhibition regulates circAR3 biosynthesis, we treated LNCaP, VCaP, 22Rv1, and LNCaP95 cells with either vehicle, Dihydrotestosterone (DHT), and/or enzalutamide ([Figure 3](#fig3){ref-type="fig"}). circAR3 levels were suppressed by DHT comparing androgen deletion or enzalutamide treatment conditions in LNCaP, VCaP, and 22Rv1 cells, but not in androgen-insensitive LNCaP95 cells. Although changes in circAR3 levels followed the similar trends of AR-fl and AR-v7 mRNAs, these changes were not proportional to each other. These findings suggest that circAR3 biosynthesis is regulated by AR signaling in a cell-context-dependent manner.Figure 3AR Signaling Regulates circAR3 ExpressionVCaP, LNCaP, 22Rv1, and LN95 cells were cultured in media containing 5% CSS for 48 h. Cells were treated with vehicle, 10 nM DHT, and/or 5 μM MDV3100 for 24 h. Relative RNA levels of circAR3, AR-fl, and AR-v7 were determined by quantitative real-time PCR and normalized to the GAPDH housekeeping gene. All assays were repeated in three independent experiments that were performed in triplicate. One-way ANOVA followed by Tukey's test was used in pairwise comparison among different groups. Data were presented as the mean ± SD. \*\*p \< 0.01 when compared with controls.

Detection of circAR3 in PCa Patient Tumor Samples {#sec2.5}
-------------------------------------------------

To determine circAR3 expression in prostate tumors from patients, we applied RNA *in situ* hybridization (RISH) techniques with a Basecope probe (ACDBio, USA) against the back-splice site of circAR3. The specificity of this probe was validated by using VCaP cells that serve as a circAR3 positive control. Additional control experiments included a negative control probe against the *dapB* gene from bacteria that should not recognize any human gene products, and a positive control probe against human *PPIB* gene ([Figure 4](#fig4){ref-type="fig"}A). When the circAR3 probe was used to hybridize tissue microarrays (TMAs) containing benign prostate and primary PCa with various Gleason scores, we found that RISH signals were detected in both prostate epithelium and stroma ([Figure 4](#fig4){ref-type="fig"}B). There were no differences in circAR3 expression between these two compartments. While almost all tissue cores are circAR3 positive, its levels vary between tumor cores. High Gleason tumors (Gleason score ≥ 8) have significant lower circAR3 expression than benign prostate ([Figure 4](#fig4){ref-type="fig"}C). The average circAR3 RISH score in low Gleason tumors (Gleason score ≤ 7) was in between benign prostate and high Gleason tumors. Compared to benign prostate and primary PCa, circAR3 expression was downregulated in tumors treated with neoadjuvant hormone therapy (NHT) and reached its lowest levels in CRPC cores. These results suggest that circAR3 expression is downregulated during tumor progression to CRPC.Figure 4circAR3 Expression in PCa Tumor Samples(A) VCaP cells were grown on glass coverslips and fixed using paraformaldehyde. RISH assays with control probes and the circAR3 probe were performed. (B) circAR3 RISH assays were performed on TMAs containing benign prostate, treatment-naive PCa, PCa treated with NHT, and CRPC tissue cores as reported.[@bib39], [@bib40], [@bib41], [@bib42] Representative RISH images from each tumor group were presented. (C) RISH scores were evaluated as described in the [Materials and Methods](#sec4){ref-type="sec"} section. RISH scores were presented as the mean ± SD. Statistical analyses used one-way ANOVA test followed by Tukey's test with \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p \< 0.001.

Detection of circAR3 in PCa Patient Plasma {#sec2.6}
------------------------------------------

Since circAR3 can be secreted in conditioned media, it is likely detectable in serum from mouse bearing human PCa xenografts and PCa patient plasma. To test this hypothesis, we first established circAR3-positive LNCaP xenografts (n = 5) and circAR3-negative PC3 xenografts (n = 5) in nude mice. Mice were sacrificed when xenografts reached 1,000 mm^3^ and total mouse serum was collected. All serum collected from mice with LNCaP tumors contained ∼200--300 copies/mL of circAR3, while circAR3 was undetectable in mice with PC3 xenografts ([Figure 5](#fig5){ref-type="fig"}A). We showed that ∼90% of circAR3, but not AR-fl, remained in the mouse serum even after it was kept at room temperature for up to 4 h ([Figure 5](#fig5){ref-type="fig"}B). Pearson's chi-square analysis showed that tumor volumes were highly correlated with serum circAR3 levels (r = 0.88, p \< 0.05) ([Figure 5](#fig5){ref-type="fig"}C). These results indicated that tumor origin circAR3 can be detected in the serum of mice bearing circAR3 positive xenografts.Figure 5circAR3 Is Detectable in Serum of Xenograft-Bearing Mice and PCa Patients(A) LNCaP and PC3 xenografts (n = 5) were established. Serum was collected when xenografts reached 1,000 mm^3^. circAR3 copy numbers were determined by quantitative real-time PCR. Student's t test was used to compare circAR3 between the two tumor groups. (B) Serum collected from mice with LNCaP tumors was kept at room temperature for 0--4 h. Total RNA was extracted at either 0, 2, or 4 h. Relative circAR3 and AR-fl RNA levels were determined by quantitative real-time PCR and normalized from that of hour 0. (C) Correlation between circAR3 copy numbers with tumor volumes were calculated by Pearson's chi-square test. (D) Plasma was collected from 91 patients who had been diagnosed with either BPH or PCa as described in the [Materials and Methods](#sec4){ref-type="sec"} section. 1 mL of plasma from each patient sample was used for RNA extraction and quantitative real-time PCR. circAR3 copy numbers were determined by quantitative real-time PCR using absolute quantification. (E) Patients were grouped by lymph node metastasis status based on the pathology results after prostatectomy. Plasma circAR3 levels were compared between patient groups with −/+ lymph node metastasis. (F) Correlation of plasma circAR3 copy numbers with serum PSA levels was calculated by Pearson's chi-square test. (G) Three BPH and seven PCa patients had plasma collected both before and after prostatectomy. circAR3 copy numbers were determined by quantitative real-time PCR. Student's t test was used to compare circAR3 the differences pre- and post-surgery of the patients.

To determine whether circAR3 can be detected in PCa patient plasma, we initiated a pilot study by collecting plasma from 91 patients with benign prostate or primary PCa. Patient information, including Gleason scores, serum PSA levels at diagnosis, pathological stage, and lymph node metastasis status, is summarized ([Table 1](#tbl1){ref-type="table"}). We detected very low levels of plasma circAR3 in patients with benign prostate ([Figure 5](#fig5){ref-type="fig"}D). The majority of the plasma samples had undetectable levels of circAR3 with quantitative real-time PCR CT values below the detection threshold. circAR3 levels were elevated in PCa patients. Patients with high Gleason tumors have significantly higher circAR3 than patients with low Gleason tumors. Patients with lymph node metastasis had higher circAR3 than patients without lymph node metastasis ([Figure 5](#fig5){ref-type="fig"}E). However, circAR3 concentrations were not correlated with serum prostate specific antigen (PSA) levels ([Figure 5](#fig5){ref-type="fig"}F). To test whether plasma circAR3 originates from prostate or prostate tumors, we collected plasma from 10 patients before and after radical prostatectomy. All patient PSA levels dropped to \< 0.1 ng/mL after surgery, indicating complete removal of the prostate tissue and cancer. All 10 patients who had circAR3 in their plasma before surgery became negative (below the detection threshold) after surgery ([Figure 5](#fig5){ref-type="fig"}G). These results support that plasma circAR3 is from prostate/PCa tissue.Table 1Patient Information Is Related to [Figure 5](#fig5){ref-type="fig"}ParameterValuesPSA at diagnosis (ng/mL)18.91 ± 25.4BPH patients17PCa patients74**Gleason Group**3 + 323 + 4104 + 334 + 4309 and 1029**Clinical Stage**T1c27T2a14T2b11T2c2T3c7unknown13**Lymph Node Status**Positive8Negative46unknown20

circAR3 Does Not Affect AR Signaling, Cell Proliferation, and Invasion of PCa Cells {#sec2.7}
-----------------------------------------------------------------------------------

To determine whether circAR3 exerts any biological effect on PCa cells, we constructed plasmid vectors encoding circAR3 ([Figure 6](#fig6){ref-type="fig"}A). Three vectors were constructed, circAR3-LE (low expression), circAR3-HE (high expression), and circAR3-NC (negative control) as described in the [Materials and Methods](#sec4){ref-type="sec"} section. Authentication of circAR3 transcribed by these vectors was performed by RNase R treatment and small interfering RNA (siRNA) targeting the back-splice site ([Figures 6](#fig6){ref-type="fig"}B--6D). To determine whether circAR3 regulates AR transcriptional activities, LNCaP cells were transfected with the circAR3-HE vector. We found that mRNA levels of AR-regulated genes were not changed in the presence of −/+DHT. These genes include both androgen-dependent (e.g., NKX3.1 and TMPRSS2) and AR-independent (e.g., CDK1 and UBE2C) target genes. ([Figure 6](#fig6){ref-type="fig"}E). circAR3 did not alter AR protein expression and AR transcriptional activities ([Figures 6](#fig6){ref-type="fig"}F and 6G). circAR3 did not affect LNCaP cell proliferation and PC3 cell invasion ([Figures 6](#fig6){ref-type="fig"}H and 6I). These results indicate that AR signaling, PCa cell proliferation, and invasion were not regulated by circAR3.Figure 6circAR3 Does Not Affect AR Signaling, Cell Proliferation, and Invasion of PCa Cells(A) Schematic diagrams of expression vectors were constructed to express circAR3. The pCMV2 vector from Sigma was the control (CTL) vector. The construction of circAR3 vectors was as described in the [Materials and Methods](#sec4){ref-type="sec"} section. CMV, cytomegalovirus promoter; PA, polyadenylation signal; SA, splicing acceptor, SD, splicing donor. (B) AR-negative 293T cells were transfected with the designated plasmid vectors. circAR3 RNA levels were determined by quantitative real-time PCR using the absolute quantification method. (C) 293T cells were transfected with the circAR3-HE vector. After 24 h, RNA was extracted and treated with vehicle or RNase R for 1 h. circAR3 copy numbers were determined by quantitative real-time PCR using absolute quantification. (D) CTL or circAR3-HE vector was transfected into LNCaP cells. After 24 h, cells were transfected with either control siRNA or siRNA targeting circAR3. circAR3 mRNA levels were measured by quantitative real-time PCR using absolute quantification. (E) LNCaP cells were transfected with either control or circAR3-HE vector and treated with vehicle or 10 nM of DHT for 24 h. The mRNA expression of AR target genes was measured by quantitative real-time PCR assays. (F) AR and PSA protein expression was measured by immunoblotting with actin as a loading control. (G) LNCaP cells were transfected with increasing doses of circAR3-HE vector together with PSA-luciferase and renilla reporters. Cells were treated with vehicle or 10 nM of DHT for 24 h. Luciferase activities were measured as described in the [Materials and Methods](#sec4){ref-type="sec"} section. LNCaP (H) and PC3 (I) cells were transfected by control or circAR3-HE vector. LNCaP cells were also treated with vehicle or 10 nM of DHT. LNCaP cell proliferation rates and PC3 invasion rates were determined. All assays were repeated in three independent experiments that were performed in triplicate. One-way ANOVA followed by Tukey's test was used in pairwise comparison among different groups. Data were presented as the mean ± SD. \*\*p \< 0.01 when compared to controls.

Discussion {#sec3}
==========

To our knowledge, this is the first study to demonstrate that circAR3 is detectable in patient plasma in a prostate/PCa-specific manner. An optimized qPCR method was developed to measure circAR3 copy numbers with a sensitivity as low as 100 copies. We showed that plasma circAR3 levels are positively associated with Gleason scores and lymph node metastasis of primary tumors. These findings bring new insights into the potential of plasma circAR3 to be a biomarker to identify patients with higher risk PCa.

Our study showed that plasma circAR3 is derived from the prostate/PCa because they are undetectable after radical prostatectomy in patients with detectable levels prior to surgery. There are several ways for cell-free circAR3 to be released into the plasma from the prostate/PCa: (1) it can be passively released when cell death is induced by hypoxia, inflammation, or anti-cancer therapies, and (2) it can also be positively secreted in forms of exosomes into the bloodstream. Similar to PSA, release of circAR3 may also be affected by the integrity of prostate structures. The normal prostatic epithelium is isolated from prostate stroma by basal cells. Luminal epithelial cells are connected by tight junctions on the side and an apical surface-facing lumen for secretion. During PCa development, disappearance of basal cells and loss of tight junctions may promote circAR3 from epithelial cells to infiltrate into stoma and bypass endothelial cells into the bloodstream. In addition, hormonal and chemotherapies will also destruct stromal structure that may also contribute to circAR3 release to circulation system. Here, we report that circAR3 levels in tumors are negatively associated with tumor Gleason scores, while circAR3 levels in plasma are positively associated with high Gleason scores and positive lymph node metastasis. These findings suggest that there are increases of circAR3 to be released from prostate tumor cells into plasma during PCa development and that circAR3 may be a possible marker for high-risk primary PCa.

Whether plasma circAR3 is an indicator of aberrant AR-v7 RNA splicing or *AR* gene overexpression and amplification of CRPC tumors needs further investigation. Plasma circAR3 concentrations may be determined by several rate-limiting factors: (1) circAR3 biosynthesis relies on the AR gene to be actively transcribed into AR pre-mRNA, a pre-requisite for circAR3, AR-fl, and AR-v7 to be synthesized. AR inhibition enhances the transcription rate of the AR gene, resulting in elevated circAR3, AR-fl, and AR-v7 levels in AR-positive PCa cells ([Figure 3](#fig3){ref-type="fig"}). (2) We observed that VCaP and 22Rv1 cells express higher levels of circAR3 than LNCaP cells, suggesting that more copies of exon3 in these cell lines may be correlated to relatively higher levels of intracellular circAR3. (3) RNA spliceosome may prioritize AR mRNAs to be synthesized over AR circRNAs under conditions of AR inhibition. We observed in PCa cell lines that alteration of circAR3 is not proportional to AR-fl and AR-v7 in the presence of AR antagonism ([Figure 2](#fig2){ref-type="fig"}), and these changes are in a cell-context-dependent manner ([Figure 3](#fig3){ref-type="fig"}). Considering the heterogeneity of PCa, each cancer cell within a tumor will respond to AR inhibition differently when synthesizing circAR3, AR-fl, and AR-v7. And (4), circAR3 may be more enriched in exosome and more resistant to RNA exonuclease degradation in plasma than linear AR mRNAs. Because of these rate-limited factors, it is difficult to postulate that plasma circAR3 is proportionally associated with *AR* gene splicing, overexpression, and amplification in CRPC that were frequently observed. Further investigation using matched PCa tissues and patient plasma samples before and post-CRPC progression from a larger patient cohort may provide insight on cirAR3 as a prognosis marker of CRPC in reflecting the *AR* gene alteration.

In summary, we report that circAR3 is widely expressed in prostate tumor cells. Prostate/PCa origin circAR3 is detectable in patient plasma. Increased expression of plasma circAR3 in patients with high Gleason tumors and lymph node metastasis suggest that circAR3 may be a biomarker of high-risk primary PCa.

Materials and Methods {#sec4}
=====================

Tissue Culture {#sec4.1}
--------------

LNCaP, VCaP, PC3, 22Rv1, DU145, NCI-H660, and 293T cells were purchased from ATCC (Manassas, VA, USA). BPH cells were provided by Dr. Simon Hayward from the NorthShore University of HealthSystem. C4-2 cells were from Dr. Leland Cheung from Cedars Sinai. LNCaP95 cells are from Dr. Alan Meeker from John Hopkins University. Culture conditions were reported previously.[@bib33], [@bib34], [@bib35]

RNA Extraction and RT-PCR {#sec4.2}
-------------------------

RNA was extracted by TRIzol-LS (Invitrogen) and purified by a Purelink RNA isolation kit (Ambion, Burlington, ON, Canada) according to the manufacture's instruction. The concentration and quality of extracted RNA was determined by NanoDrop (Thermo Scientific). For RT-PCR, RNA was treated with deoxyribonuclease and reverse transcribed. cDNA was used as a template to perform PCR, as we reported previously.[@bib36]

Genomic DNA Isolation {#sec4.3}
---------------------

Cells (∼1 × 10^5^) were lysed in 300 μL of DNA lysis buffer (100 mM Tris-HCL \[pH 8.0\], 5 mM EDTA \[pH 8.0\], 200 mM NaCl, 0.2% SDS, and 0.5 mg/mL Proteinase K) in 56°C for 16 h. After centrifugation at 12,000 rpm for 10 min, genomic DNA in the supernatant was precipitated with 750 μL of 100% ethanol and pelleted by centrifugation at 12,000 rpm for 10 min. The DNA pellet was dissolved in nuclease-free water.

Transient Transfection {#sec4.4}
----------------------

Plasmid DNA and siRNA were transfected using lipofectamine3000 (Life Technologies) according to the manufacturer's instruction. Total RNA or protein was extracted 48 h after transfection for further analyses as we reported.[@bib33], [@bib34], [@bib35] The sequence of siRNA targeting circAR3 back-splice site is 5′-gac tct ggg agg gaa aca gaa gt-3′ from Dharmacon.

Quantitative Real-Time PCR {#sec4.5}
--------------------------

Quantitative real-time PCR was performed on the ABI PRISM 7900 HT system (Applied Biosystems) with 5 ng of cDNA, 1 μM of each primer pair, and SYBR green PCR master mix (Roche, Laval, QC, Canada) following the manufacturer's instruction. All quantitative real-time PCR assays were carried out using three technical replicates and three independent cDNA syntheses. Primers used to amply circAR3 are 5′-gtc cat ctt gtc gtc ttc gga and 3′-caa tca ttt ctg ctg gcg ca. Primers used to measure AR-v7 and AR-fl were previously reported.[@bib35]^,^[@bib37] Relative quantification of quantitative real-time PCR data used glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the housekeeping gene.

For absolute quantification of quantitative real-time PCR, AR-fl and AR-v7 expression vectors and pSK-cARtemp were used as templates. Plasmid DNAs were quantified by NanoDrop (Thermo Scientific, Wilmington, DE, USA), and their copy numbers were calculated as follows: copy number (molecules/μL) = concentration (g/μL)/(bp size of double-stranded product × 660) × 6.022 × 10^23^. A 10-fold serial dilution of each plasmid was made and used as a template to generate standard curves of log10 copy numbers versus the corresponding CT. The absolute quantity of circAR3, AR-fl, and AR-v7 in query samples were calculated by the standard curve according to their CT values.

Tissue Microarrays (TMAs) and RNA *In Situ* Hybridization (RISH) {#sec4.6}
----------------------------------------------------------------

Prostate tumor samples were retrieved from Vancouver Prostate Centre tissue bank under the approval of the Research Ethics Committee of the University of British Columbia (\#H09-01628) and were used to build several TMAs that we previously reported.[@bib34]^,^[@bib38] The treatment-naive TMA contains 22 benign tissue cores, 62 primary PCas cores with Gleason scores of 6--7, and 65 primary PCas with Gleason scores of 8--10. The survival TMA contains 22 benign tissue cores, 62 primary PCa cores, 58 cores of PCa that received NHT, and 20 CRPC cores. CRPC samples were from patients who had received hormonal therapies and been diagnosed with CRPC. The recurred tumors were removed by transurethral resection prostatectomy to relieve obstructive symptoms.

A specific RISH probe covering the back-splice site of circAR3 (cat. \#715141), a positive control probe targeting human PPIB gene (cat. \#710171), and a negative control probe targeting the dapB gene from bacteria (cat. \#701021) were purchased from Advanced Cell Diagnostic (Hayward, CA, USA). RISH assays were performed using the BaseScope assay kit as we reported.[@bib39], [@bib40], [@bib41], [@bib42] All stained slides were scanned by a Leica SCN400 scanner and digital images were evaluated by pathologist Dr. Ladan Fazli. RISH signal was presented as red dots or dot clusters and was evaluated under 40× magnification. circAR3 RISH signal was scored as zero if there was no RISH signal, one if RISH signal was positive in \< 33% all cells within a core, two if RISH signal was positive in 33%--66% of the cells within a core, or three if RISH signal was positive in \> 66% of the cells in a core.

Human Prostate Cancer Xenografts {#sec4.7}
--------------------------------

LNCaP and PC3 cells (2 × 10^6^ cells/per line) were implanted subcutaneously in bilateral flanks of 6- to 8-week-old male nude mice (n = 5). Tumor volume (V = length × width × height × 0.5236) was measured weekly. When tumor exceeded 1,000 mm^3^, mice were sacrificed and mouse serum was collected immediately. All animal procedures were under the guidelines of the Canadian Council on Animal Care.

Patient Plasma Collection {#sec4.8}
-------------------------

We enrolled 91 patients who were diagnosed with benign prostatic hyperplasia or PCa by histology, PSA levels, and radiographic imaging from the Department of Urologic Sciences, Vancouver General Hospital, University of British Columbia (ethics certificate \#H09-01628), the Department of Urology of the First Affiliated Hospital of Zhejiang University (ethics certificate \#2018-819), and the Department of Urology at Zhejiang People's Hospital (ethics certificate \#2019QT002) between April 2017 and February 2019. Patient information was shown in [Table 1](#tbl1){ref-type="table"}. There are 10 patients whose blood was collected twice, one before prostatectomy and one 6 weeks after surgery when PSA reduced to \< 0.1 ng/mL. Whole blood was collected in Streck tubes and centrifuged at 1,600 × *g* for 15 min, after which plasma was transferred to a new tube and spun for another 1,600 × *g* for 10 min. Aliquots of cell-free plasma were stored at −80°C before RNA extraction. One-microliter plasma was used to perform RNA extraction and reverse transcription. To measure circAR3 copy numbers in patient plasma, the cDNA as well as serial diluted pSK-cARtemp were used as templates for the initial eight cycles of PCR using primers of F′ taa tac gac tca cta tag ggt gtc cat ctt gtc gtc ttc g and R′ att aac cct cac taa agg ga g gcg cac agg tac ttc tgt. It was followed by quantitative real-time PCR described above using primers 5′-taa tac gac tca cta tag gg-3′ and 5′-att aac cct cac taa agg ga-3′.

Construction of circAR3 Expression Vectors {#sec4.9}
------------------------------------------

Human genomic BAC clone (RP11-75E16) was retrieved from the Centre for Applied Genomics, the Hospital for Sick Children, University of Toronto. It was used as a template to amplify human androgen receptor exon 3 and its flanking regions by Platinum Taq DNA polymerase high fidelity (Invitrogen) and cloned into pCMV2-Flag vector (Sigma) as indicated ([Figure 6](#fig6){ref-type="fig"}A). Three vectors were made. The circAR3-LE vector contains AR exon 3, and 1,000 bp of 5′ intron sequences and 200 bp of 3′ intron sequences next to exon 3. The circAR3-HE vector was built on circAR3-LE with the 800 bp of 5′ intron sequences in reversed position inserted into 3′ splice site of exon 3. Lastly, the circAR3-NC has the same sequences to circAR3-HE, except exon 3 was deleted. All clones were confirmed by DNA Sanger sequencing.

Immunoblotting and Luciferase Reporter Assays {#sec4.10}
---------------------------------------------

Immunoblotting assays were performed as we previously reported.[@bib33], [@bib34], [@bib35] Cells were transfected with PSA-luciferase reporter plasmid with the renilla reporter as a control for transfection efficiency. Luciferase activities were determined using the luciferin reagent (Promega, Madison, WI, USA) according to the manufacturer's protocol. Transfection efficiency was normalized by renilla luciferase activity.

Cell Proliferation and Invasion Assays {#sec4.11}
--------------------------------------

Cell proliferation and invasion assays were previously described.[@bib33], [@bib34], [@bib35] Cell proliferation assays were performed using the MTS (Promega) reagent according to the manufacturer's protocol. Cell proliferation rates were calculated as relative fold change of optical density 490 (OD~490~). Cell invasion assays were carried out by using BD BioCoat Matrigel invasion chambers (BD Biosciences, USA) according to the manufacturer's protocol. Invasion rate was calculated as the percentage of cells invaded through the Matrigel.

Statistical Analysis {#sec4.12}
--------------------

Statistical analysis was performed using the GraphPad Prism 6.0 software (GraphPad Software, CA, USA). One-way ANOVA followed by Tukey's test was used in pairwise comparison among different groups. circAR3 levels in correlation with PSA level and tumor volume were analyzed by Pearson's chi-square analysis. Student's t test was used to compare results between two experimental groups. The level of significance was set at \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p \< 0.001.
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